Onset of myelination in Schwann cells is governed by several transcription factors, including Krox20/Egr2, and mutations affecting Krox20 result in various human hereditary peripheral neuropathies, including congenital hypomyelinating neuropathy (CHN) and Charcot-Marie-Tooth disease (CMT). Similar molecular information is not available on the process of myelin maintenance. We have generated conditional Krox20 mutations in the mouse that allowed us to develop models for CHN and CMT. In the latter case, specific inactivation of Krox20 in adult Schwann cells results in severe demyelination, involving rapid Schwann cell dedifferentiation and increased proliferation, followed by an attempt to remyelinate and a block at the promyelinating stage. These data establish that Krox20 is not only required for the onset of myelination but that it is also crucial for the maintenance of the myelinating state. Furthermore, myelin maintenance appears as a very dynamic process in which Krox20 may constitute a molecular switch between Schwann cell myelination and demyelination programs.
Introduction
In the vertebrate peripheral nervous system (PNS), Schwann cells are in charge of elaborating the myelin sheath, the specialized membrane structure that allows rapid nerve conduction. Although the molecular mechanisms controlling Schwann cell development are still primarily unknown, progress has been made recently in the identification of key regulators of the onset of myelination. This process is governed by transcription factors including the POU proteins Oct6 (SCIP) and Brn2, the highmobility group protein Sox10, and the zinc finger protein Krox20 (also known as Egr2) associated with its cofactors, the Nab proteins (Topilko et al., 1994; Jaegle et al., 1996; Warner et al., 1998; Le et al., 2005b; Ghislain and Charnay, 2006) . Accumulating evidence generated in the mouse suggests that Krox20 plays the role of a master gene in this process: (1) Krox20 is activated in Schwann cells after axonal contact, before myelination (Topilko et al., 1994 (Topilko et al., , 1997 Murphy et al., 1996) ; (2) Krox20 null or hypomorphic mutations result in a block in the myelination program at the promyelinating stage, with Schwann cells having established a 1:1 ratio with the axons but unable to proceed with the spiralization process (Topilko et al., 1994; Le et al., 2005a) ; and (3) forced Krox20 expression in Schwann cells results in the activation of genes encoding structural myelin proteins and enzymes involved in lipid synthesis (Nagarajan et al., 2001) .
Consistent with the observations performed in the mouse, the crucial role of Krox20 in the control of Schwann cell myelination is supported by the association of various, dominant, or recessive Krox20 mutations with several types of human peripheral neuropathies. These include congenital hypomyelinating neuropathy (CHN), as well as late-onset conditions such as CharcotMarie-Tooth disease (CMT) 1D subtype and Dejerine-Sottas syndrome (DSS) (Warner et al., 1998; Bellone et al., 1999; Timmerman et al., 1999; Pareyson et al., 2000; Boerkoel et al., 2001; Yoshihara et al., 2001) .
In contrast to the onset of myelination, very little information is available on the mechanisms controlling the maintenance of the myelin sheath, although the existence of late-onset peripheral myelinopathies underlines the importance of this process and a mutation in the Ndrg1 gene has been shown to result in progressive demyelination in the mouse (Okuda et al., 2004) . The permanent expression of Krox20 in myelinating Schwann cells and its downregulation after axonal injury that results in the elimination of the myelin sheath, in a process known as Wallerian degeneration (Zorick et al., 1996; Ghislain et al., 2002) , raises the possibility that Krox20 expression might be required for myelin maintenance.
To investigate this issue, we have developed conditional Krox20 mutations based on a floxed allele (Taillebourg et al., 2002) and using different protocols for Cre-mediated excision, which allowed us to establish animal models that mimic CHN or CMT. In particular, clinical, immunohistochemical and ultrastructural analyses established that Krox20 inactivation in the adult sciatic nerve leads to rapid demyelination as a result of Schwann cell dedifferentiation. Myelin maintenance is therefore a dynamic process in which Krox20 may act as a reversible molecular switch governing both myelination and demyelination programs.
Materials and Methods
Generation of mutant mice and genotyping. The Krox20 flox allele was obtained by Cre-mediated deletion of the neo gene from a Krox20 floxneo allele (Taillebourg et al., 2002 flox/flox animals. Genotyping was performed by PCR on tail DNA using primers specific for Cre (5Ј-GTCCGGGCTGCCACGACCAA-3Ј and 5Ј-ACGGAAATCCATCGCTCGACCAGT-3Ј), the floxed Krox20 allele (5Ј-GTGTCGCGCGTCA-GCATGCGTG-3Ј and 5Ј-GGGAGCGAAG-CTACTCGGATACGG-3Ј), and lacZ (5Ј-GTCGTTTTACAACGTCGTGACT-3Ј and 5Ј-GATGGGCGCATCGTAACCGTGC-3Ј). Recombinant DNA and animal manipulations were performed according to French and European Union regulations.
Induction and characterization of Cremediated deletion of the Krox20 second exon. For intraperitoneal injection, tamoxifen (TM; Sigma, l'Isle d'Abeau Chesnes, France) was suspended in a sunflower oil/ethanol (10:1) solution at 10 mg/ml. Experimental mice received two 1 mg injections of TM per day for 5 consecutive days, and control animals were treated in the same way with the carrier only. For focal administration into the sciatic nerve, 0.1% hydroxytamoxifen (OHT; Sigma) was dissolved in a water solution containing 0.9% NaCl and 2% DMSO. Mice were deeply anesthetized, the sciatic nerve was uncovered, and 3 l of the OHT solution was injected using a 10 l Hamilton syringe. Control animals received the carrier (DMSO). To characterize the deletion of the floxed Krox20 allele, DNA was extracted from the sciatic nerve and analyzed by PCR using specific primers. Amplifications with primers p3 and p4 of wild-type and Krox20 flox alleles generate 160 and 195 bp DNA fragments, respectively; primers p2 and p3 amplify a 210 bp DNA fragment from the excised Krox20 ⌬ allele (Taillebourg et al., 2002) . Primer sequences are as follows: p2, 5Ј-AGTTGACAGCCCGAGTC-CAGTGG-3Ј; p3, 5Ј-GTGTCGCGCGTCAG-CATGCGTG-3Ј; p4, 5Ј-GGGAGCGAAGC-TACTCGGATACGG-3Ј. The relative intensities of the bands in PCR analyses were quantified using the Image Gauge program (Fujifilm, Tokyo, Japan). Cre , floxed (Krox20 flox ), and deleted (Krox20 ⌬ ) alleles. loxP sites are indicated by black arrowheads. Arrows indicate the positions of the primers used for PCR amplification, and the sizes of the amplified fragments are shown above the fragments. Primers p3 and p4 produce 160 and 195 bp fragments from wild-type and Krox20 flox alleles, respectively; primers p2 and p3 amplify a 210 bp fragment from the Krox20 ⌬ allele. E, EcoRI; S, SpeI. b-d, PCR analysis of sciatic nerve DNA from P1, P4, and P28 Krox20
Cre/flox mutants (b), extracted 28 d after injection from intraperitoneally injected TM (two rounds of 5 d injections) (c) or extracted 3, 8, and 28 d after injection from focally OHT-and DMSO-injected animals with the indicated genotypes (d). The excision of the second exon is demonstrated by the appearance of the 210 bp PCR fragment (deleted allele) and the relative reduction of the 195 bp fragment (Krox20 flox allele) compared with the 160 bp fragment (lacZ or Cre allele). Note the approximate twofold relative reduction of the floxed allele from P4 in Krox20
Cre/flox animals (b) and the detection of the deleted allele as early as 3 d after focal OHT injection (d). The letters above the lanes in d refer to the position of the nerve sample used for DNA extraction with respect to the site of injection: P, proximal, 5-mm-long pieces centered on the Western blotting analysis. Sciatic nerves were homogenized in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton-X100, 1% SDS) with brief sonication on ice. Protein levels were quantified using the Bio-Rad (Hercules, CA) protein assay with BSA as a standard. Equal amounts of proteins (10 -50 g) were fractioned by electrophoresis on a 10% SDS-polyacrylamide gel and electroblotted onto Hybond-C nitrocellulose membranes (Amersham Biosciences, Orsay, France). Blots were blocked in Tris-buffered saline containing 0.1% Tween (TBS-T) and supplemented with 4% milk powder, subsequently incubated overnight at 4°C in this buffer with rabbit antibody directed against Krox20 (1: 1000; Covance, Berkeley, CA), and finally exposed to an anti-rabbit secondary antibody conjugated with HRP (Amersham Biosciences) in TBS-T for 1 h at room temperature. Blots were developed using the ECL reagents (Amersham Biosciences) according to the manufacturer's instructions. The relative intensities of the bands in Western blotting analyses were quantified using the Image Gauge program.
Immunohistochemistry. Nerves were collected, fixed in 4% paraformaldehyde for 2 h, incubated overnight at 4°C in 20% sucrose, embedded in Tissue-Tek OCT compound (Gassalem, Limeil-Brévannes, France), and frozen in isopentane (Ϫ60°C). Twenty-micrometer-thick longitudinal or transversal sections were collected using a Leica (Nussloch, Germany) cryotome. Sections were incubated for 30 min in 0.1 M PBS containing 5% normal goat serum and 0.25% Triton X-100 and then overnight at 4°C with the following primary antibodies: a rabbit polyclonal anti-Sox2 antibody (1:150; Millipore, Bedford, MA), a goat polyclonal anti-SCIP antibody (1:50; Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit polyclonal anti-Krox20 antibody (1:50; Covance), a rat polyclonal anti-MBP antibody (1:100; Millipore), and a mouse monoclonal neurofilament 2H3 antibody (1:500; Developmental Studies Hybridoma Bank, Iowa city, IA). Sections were then incubated for 1 h with the appropriate fluorophore-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA). For bromodeoxyuridine (BrdU) detection, sections were treated for 10 min at 37°C with 2N HCl in 0.1 M PBS containing 0.25% Triton X-100, washed twice in 0.1 M borate buffer, pH 8.5, and incubated at 4°C with a rat anti-BrdU antibody (1:100; Oxford Biotech, Oxford, UK), which was subsequently revealed with a biotinylated antirat antibody (1:100; Jackson ImmunoResearch) coupled to Cy3-labeled streptavidin (1:200; Jackson ImmunoResearch). Nuclei were counterstained with Hoechst 33342 or Sytox Green. Sections were mounted in Aqua poly/Mount (Polysciences, Warrington, PA) and analyzed on Leica DMRD and TCS 4D confocal microscopes. For each section, proportions of Sox2-and SCIP-positive cells were quantified in several fields of at least 100 cells and corresponding to lesioned areas, as indicated by increased proportion of SCIP-or Sox2-positive cells. The results shown are the averages Ϯ SD for at least 30 serial sections, 60 m apart, from a minimum of three animals for each time point. Statistical significance was evaluated using the Student's t test.
Cell proliferation assay. The rate of cell proliferation was estimated by BrdU incorporation. Two intraperitoneal injections of BrdU (60 mg/kg body weight; Sigma) were performed at 2 h intervals, and the animals were killed 2 h after the second injection. Sciatic nerves were collected and processed for BrdU immunostaining, and nuclei were counterstained with bisbenzimide (Hoechst 33342; Sigma) or Sytox Green (Invitrogen, San Diego, CA) as indicated below. The number of BrdUpositive nuclei and the total number of nuclei were counted from 20 serial sections (20 m), 20 or 40 m apart, in lesioned regions as attested by SCIP or Sox2 immunochemistry on adjacent sections. Results shown are the averages Ϯ SD from three to four animals for each time point. Statistical significance was evaluated using the Student's t test.
Electron microscopy. Sciatic nerves were fixed for 3 h in 2.5% glutaraldehyde in Soerensen's buffer and osmificated for 1 h in 2% OsO 4 (Polysciences). Nerves were rinsed in Soerensen's buffer, dehydrated in graded acetone, and embedded in Epon 812-Araldite. For light microscopy analysis, sections were stained with toluidine blue. Ultrathin sections were stained with uranyl acetate and lead citrate and observed with a Philips CM10 electron microscope.
Results

A conditional Krox20 mutation resulting in amyelination
The mouse models for defective myelination developed so far on the basis of two Krox20 mutant alleles are of limited use because of the short lifespan of the animals (Topilko et al., 1994; Le et al., 2005a) . This lethality is likely attributable to defects in Krox20 activity in other tissues, in particular the hindbrain, where Krox20 inactivation has been shown to result in early, life-threatening perturbations of the respiratory rhythm (Jacquin et al., 1996; Chatonnet et al., 2002) . To circumvent this problem, we generated a mutation allowing only transient expression of Krox20. Such a mutation may not dramatically affect tissues in which the gene is normally transiently expressed, as the hindbrain. In contrast, if Krox20 expression is constantly required for Schwann cell myelination, this type of mutation should lead to a phenotype similar to that of a null mutation. To obtain a delayed mutation, we made use of two previously developed Krox20 alleles, Krox20
Cre (Voiculescu et al., 2000) and Krox20 flox (Taillebourg et al., 2002) . The Krox20
Cre allele consists of an insertion of the gene for the Cre recombinase into the Krox20 locus (Fig. 1a) , resulting in Krox20 inactivation and expression of the Cre gene with a pattern that faithfully recapitulates the normal Krox20 pattern (Voiculescu et al., 2000) . In the Krox20 flox allele, the second Krox20 exon is flanked by loxP sites (Fig. 1a) . This allele behaves like wild type, but excision of the floxed exon by the Cre recombinase results in inactivation of Krox20 (Krox20 ⌬ ) ( In myelinating Schwann cells from compound heterozygous Krox20
Cre/flox animals, Krox20 is expected to be expressed from the floxed allele until enough Cre recombinase accumulates to lead to the inactivation of the gene. Monitoring the excision of the floxed exon by PCR analysis of DNA extracted from postnatal day 1 (P1), P4, and P28 sciatic nerve samples indicated that excision had already been initiated at P1 (Fig. 1b) and progressed with time, affecting more than half of the cells at P4 (compare the intensity of the 160 and 195 bp bands in Fig. 1b) , although it did not reach completeness by P28. This probably results from the presence of nonmyelinating Schwann cells and other cells such as fibroblasts that do not express Krox20. The inactivation of the gene in Schwann cells correlated with a progressive loss of the Krox20 protein (90% reduction by P28) (Fig. 1e) .
Krox20
Cre/flox animals (n ϭ 9) survived until ϳ6 weeks. All of them were smaller than control littermates (wild type, Krox20 Cre/ϩ , Krox20 flox/ϩ ; n ϭ 3 of each type), with a reduction in body weight ranging from 25 to 50% (data not shown). In addition, Krox20
Cre/flox mutants displayed a specific phenotype involving shivering and impaired walking coordination (supplemental video 1, available at www.jneurosci.org as supplemental material). In 4-and 6-week-old mutant animals, examination of sciatic nerve semithin transverse sections and electron Cre/flox mice, respectively). No evidence of macrophage infiltration or Schwann cell onion bulbs was observed, but extensive, concentric development of basal membranes was frequently found around the axons (Fig. 2c,d ). In addition, the mutant axonal cytoplasm contained a high density of mitochondria (Fig. 2 , compare f with wild type in e), microtubules, and neurofilaments (data not shown) compared with controls, suggesting that myelin deficit resulted in axonal perturbations.
The above analysis demonstrated that Krox20 Cre/flox mutant nerves are not myelinated in the adult and raised the issue of whether any myelination occurs during postnatal development. To investigate this question, P4 sciatic nerve sections were analyzed by electron microscopy. Whereas wild-type animals showed frequent figures of thin myelin (supplemental Fig. 1a ,b, available at www.jneurosci.org as supplemental material), Krox20
Cre/flox mutants were almost completely amyelinated (supplemental Fig. 1c,d , available at www.jneurosci.org as supplemental material). Attempts of myelination were suggested by the observation of denuded axons associated with mesaxons initiating the wrapping process, but only a few myelin fibers, usually not properly compacted, could be observed in the mutants. A similar analysis performed at P12 revealed a complete absence of myelin sheath (data not shown). These data suggest that myelination initiation very rarely occurs in the mutant, but when it happens, an abortive myelination process follows it.
There is an apparent discrepancy between the kinetics of establishment of a block in Schwann cell myelination (already fully effective at P4) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material) and the partial loss of the floxed allele and Krox20 protein, with only an approximate twofold reduction at P4 (Fig. 1b,e) . A likely explanation is that the persistence of the unexcised floxed allele is caused by intense proliferation during the perinatal period of immature Schwann cells that have not yet activated Krox20. A significant proportion of these cells may continuously attempt to engage in myelination, expressing Krox20, and therefore maintaining some protein level in the nerve. However, these cells that rapidly inactivate the gene are not able to proceed further along the myelination pathway.
In conclusion, our data indicate that the delayed Krox20 inactivation results in peripheral amyelination and that this phenotype is maintained from birth until Ն6 weeks, suggesting that inactivation of Krox20 definitively prevents myelination, unlike the SCIP/Oct6 knock-out (Jaegle et al., 1996) .
Krox20 is required for myelin maintenance
The data obtained from the Krox20
Cre/flox mutant did not address the issue of whether Krox20 could be required only during the initiation of the myelination process and might be dispensable later on. To investigate this possibility, we made use of the floxed allele to develop another conditional mutant. We generated compound heterozygous mutants carrying the floxed allele and a Krox20 lacZ allele (Fig. 1a) , which is null in terms of Krox20 activity (Schneider-Maunoury et al., 1993) , together with the R26-CreER T transgene. The latter consists in a TM-inducible Cre recombinase (CreER T ) expressed from the ubiquitous Rosa26 locus (Vooijs et al., 2001) . Krox20 lacZ/flox , R26-CreER T animals were first analyzed in a systemic protocol of TM administration. Three-month-old animals received an intraperitoneal injection of TM (two 1 mg, i.p. injections per day for 5 d) and were killed 28 d after the last injection. Analysis of sciatic nerve DNA revealed a partial excision of Krox20 second exon (Fig. 1c ) that correlated with a decreased level of the Krox20 protein (Fig. 1f) . Krox20 lacZ/flox , R26-CreER T animals (n ϭ 4) displayed discrete clinical signs from 5 to 7 d after the last injection (data not shown). They had a retracted back paw and were more static than controls (oil-injected Krox20 (Fig. 3a) (n ϭ 4) compared with 84 Ϯ 1 in controls (n ϭ 3)]. However, electron microscopy revealed the presence of groups of two to three axons without myelin sheath (Fig.  3b, arrows) , distinguishable from unmyelinated small-caliber axons that were preserved. In addition, some nodes of Ranvier were enlarged (data not shown), and macrophages loaded with myelin debris were observed in the endoneurial space (Fig. 3c arrow) . This macrophagic invasion was associated with accumulation of concentric layers of Schwann cell basal membranes (Fig. 3d , arrows) and with onion bulb formations (Fig. 3e, arrows) . Attempts of remyelination were suggested by the observation of denuded axons associated with mesaxons initiating the wrapping process (Fig. 3f, arrow and inset) and of myelin sheaths abnormally thin in relation to the axon caliber (Fig. 3g, arrow) . All of these features were not observed in control animals (data not shown).
Because of the relatively discrete histological phenotype, we found the present protocol not really appropriate to generate a useful model for additional studies. Repeating the TM injection twice did not radically change the situation, although it increased the severity of the clinical signs (supplemental video 2, available at www.jneurosci.org as supplemental material) and led to the presence of larger groups of axons without myelin (Fig. 3h) . We reasoned that the low frequency of Schwann cell dedifferentiation was likely caused by inefficient excision of the Krox20 second exon, itself resulting from poor access of intraperitoneally injected TM to Schwann cells within the nerve (Leone et al., 2003) . We therefore decided to perform direct injections of OHT, a water-soluble derivative of TM, into the sciatic nerve. The animals received a unique injection of OHT into one leg, together with an injection of the carrier into the other leg, and were killed 3, 8, and 28 d after injection. This led to more severe clinical signs than the 5 d TM peritoneal injection protocol, with systematically retracted and weak paws corresponding to the OHT-injected leg and unbalanced walking posture (n ϭ 4, 5, and 3 at 3, 8, and 28 d, respectively). As early as 3 d after the injection, electron microscopy analysis of the OHT-injected sciatic nerve revealed that the area of injection was subject to myelin degradation, with some axons already denuded (n ϭ 4) (Fig. 4c) . These observations were consistent with immunofluorescence analyses indicating correlated loss of Krox20 and of the myelin protein MBP in areas close to the injection point (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). No such phenotypes were observed in the carrier-injected side or in control animals given injections of OHT (data not shown). Eight days after the injection, myelin depletion was more severe, with the observation of regions almost devoid of myelin, compared with carrierinjected controls (Fig. 4a,b,d ) (n ϭ 5). The presence of macrophages and outfolded myelin (Fig. 4d) indicated that myelin was actively degraded. Twenty-eight days after injection, the level of macrophagic infiltration was reduced, no signs of axonopathy were detected, but onion bulb formations were observed (Fig. 4e , arrowheads) and numerous axons remained denuded (Fig. 4e , arrows) (n ϭ 3), indicating that demyelination is long lasting and possibly permanent. In addition, the presence of numerous mesaxons wrapping around the axons (data not shown) and of axons with abnormally thin myelin sheaths (Fig. 4f, arrows) suggested that attempts of remyelination were occurring at the same time. Analysis of sciatic nerve DNA indicated that clinical and , d) and control animals and is likely to result from tissue fixation. e, f, Twenty-eight days after the injection, onion-bulb formations (e, arrowheads) are observed and numerous axons remain denuded (e, arrows), whereas others are wrapped with abnormally thin myelin sheaths (f, arrows). All of these observations were performed in the region proximal to the injection site (see Fig. 1b histological phenotypes correlated with partial excision of Krox20 second exon (Fig. 1d ) and reduced levels of Krox20 protein (Fig.  1f ), which were observed as early as 3 d after injection. In addition, it showed that excision was observed at least 5 mm away from the site of OHT injection, suggesting that this compound can efficiently diffuse along the nerve (Fig. 1d) .
In conclusion, altogether our observations establish that Krox20 is constantly required for the maintenance of the myelin sheath and that its inactivation leads to rapid demyelination, accompanied by remyelination attempts.
Conditional Krox20 knock-out results in the accumulation of immature Schwann cells and increased cell proliferation
Because focal Krox20 inactivation results in demyelination, we analyzed its consequences at the cellular level, on Schwann cell gene expression and proliferation. To evaluate the Schwann cell differentiation status, we analyzed the expression of Sox2 and SCIP/Oct6 by immunofluorescence. Sox2 constitutes a marker of immature Schwann cells, whereas SCIP is also expressed in promyelinating and early myelinating cells and both markers are expressed at only low levels in mature myelinating Schwann cells (Blanchard et al., 1996; Jaegle et al., 1996; Le et al., 2005a) . Whereas Krox20 lacZ/flox , R26-CreER T sciatic nerve injection with DMSO alone did not modify Sox2 and SCIP expression (5 Ϯ 1% of the Schwann cells were Sox2 or SCIP positive after 3 d; no significant variation of these proportions were observed at 8 and 28 d after the injection), OHT injection resulted in the accumulation of both proteins (Fig. 5) (data not shown) . However, the kinetics were strikingly different. Sox2 was rapidly induced by OHT, with 42.3 Ϯ 9.6% of positive cells 3 d after injection ( p Ͻ 0.001, compared with DMSO injection), and returned progressively to basal level afterward [21.2 Ϯ 7% of positive cells after 8 d ( p Ͻ 0.01) and 5.7 Ϯ 3% after 28 d]. In contrast, the increase in SCIP protein level in response to OHT injection was slower. It was only slightly elevated 3 d after OHT injection, but it reached a high level after 8 d (34 Ϯ 10%; p Ͻ 0.01), which was maintained for at least 28 d (37.4 Ϯ 6.8%; p Ͻ 0.01). Such modifications in Sox2 and SCIP expression were also observed up to at least 5 mm away from the OHT injection site (data not shown), in accordance with the data on Krox20 second exon deletion (Fig. 1d) . Altogether, these results suggest that Schwann cells that lost Krox20 adopt immature Schwann cell identity and subsequently attempt to re-engage into the myelination process (see Discussion).
To investigate whether these changes in Schwann cell differentiation were also accompanied by modifications in the rate of cell proliferation, we estimated the proportion of cells in S phase by BrdU incorporation (Fig. 6a,b) . Whereas control or DMSOinjected nerves contained a very low percentage of cells in S phase (0.2-2%), this percentage surpassed 10% within 3 d in the cases of OHT injection (Fig. 6c) . This percentage then progressively decreased to return to control levels 28 d after OHT injection (Fig. 6c) . These data suggest that OHT injection in Krox20 lacZ/flox , R26-CreER T sciatic nerve results in a transient burst in cell proliferation, which parallels the elevation in Sox2 expression. Therefore, demyelination induced by conditional Krox20 knock- 
Discussion
Krox20 constitutes a key regulator of myelination in Schwann cells. In this study, we have used Krox20 conditional mutations to further investigate the function of the gene and the mechanisms involved in myelin maintenance. Several major conclusions can be reached: (1) unlike SCIP/Oct6, Krox20 is absolutely required for onset of myelination in the PNS; (2) it is also constantly required for the maintenance of the myelin sheath; and (3) demyelination after Krox20 inactivation involves Schwann cell dedifferentiation and is very rapid. This suggests that myelin maintenance is a dynamic process and that Krox20 acts as a reversible molecular switch governing both myelination and demyelination programs.
Molecular genetic studies have highlighted the heterogeneity of the peripheral neuropathies linked to Krox20. So far only missense mutations in the coding sequence have been observed. The type of pathology (CMT, CHN, or DSS), its severity, and age of onset appear to depend on the domain of the protein affected by the mutation as well as on the precise amino acid affected and on the type of substitution (Warner et al., 1998; Timmerman et al., 1999; Pareyson et al., 2000; Mikesova et al., 2005) . Our analyses, which only affect the level of Krox20 expression and its temporal modulation, constitute a first step toward the understanding of its complex role in the control of myelination.
Mice homozygous for null or hypomorphic Krox20 alleles show a block in Schwann cell myelination (Topilko et al., 1994; Le et al., 2005a) . However, these animals do not survive beyond 3 weeks after birth, precluding the establishment of whether the block in myelination is transient or definitive. Through the generation of a delayed Krox20 mutation (Krox20
Cre/flox ), we have been able to circumvent perinatal death presumably attributable to other aspects of Krox20 function (Schneider-Maunoury et al., 1993; Swiatek and Gridley, 1993; Jacquin et al., 1996) . Animals carrying this novel mutation survive up to 6 weeks after birth, a stage when peripheral myelination is normally completed. Our data establish that the mutation results in an early and permanent block in myelin formation, indicating that Krox20 is absolutely necessary for peripheral myelination, in contrast to SCIP, the inactivation of which leads to delayed myelination (Jaegle et al., 1996) . Krox20
Cre/flox mutants display pathological, histological, and ultrastructural characteristics (Fig. 2) that are very similar to those of CHN in humans, including onset in infancy or early childhood and severe hypomyelination (Harati and Butler, 1985) . Early death during infancy, resulting from respiratory failure, has also been reported in a case of CHN (Parman et al., 2004) . This suggests that Krox20
Cre/flox mice might constitute an appropriate model for the most severe type of human peripheral myelinopathy.
The analysis of Krox20 Cre/flox mice did not address Krox20 requirement for myelin maintenance. To investigate this issue, we generated a TM-and OHT-inducible Krox20 conditional mutant. Administration of the inducer resulted in demyelination, accompanied with clinical signs of peripheral neuropathy. Previous experiment showed that Ndrg1-deficient mice are subjected to demyelination after 2 weeks of age, thus constituting a model for early-onset peripheral neuropathy such as CMT4D (Okuda et al., 2004) . Although these data suggested a role for Ndrg1 in myelin maintenance from birth, nothing was known about the molecules involved in the maintenance of the myelin sheath after complete myelination. In contrast to a recent study showing that the inducible inactivation of ErbB2, a receptor for neuregulin involved in myelination during development, has no effect on myelin integrity in adult (Atanasoski et al., 2006) , our data clearly establish that Krox20 expression is constantly required for myelin maintenance. The histological characteristics of OHT-injected nerves from Krox20 lacZ/flox , R26-CreER T animals (Figs. 3, 4 ) are encountered in human peripheral myelinopathies such as dominant and recessive forms of CMT (CMT1D, CMT4E) (Vallat, 2003; Vallat et al., 2004) , in which demyelination is associated with Krox20 mutations. This conditional mutation should therefore constitute a useful mouse model for this type of pathology.
Because Krox20 inactivation in mature myelinating Schwann cells leads to demyelination, it is essential to understand what happens at the cellular level. Rapid, transient, and widespread induction of the immature Schwann cell marker, Sox2, and acceleration of cell proliferation parallel demyelination. This is followed by prolonged expression of SCIP/Oct6, a gene expressed in immature, promyelinating, and early myelinating Schwann cells (Arroyo et al., 1998) . Accordingly, histological analysis indicated that many Schwann cells are blocked at the promyelination stage, with only a minority of axons showing signs of remyelination. These observations suggest the following interpretations. (1) Large proportions of the immature Schwann cells that appear after the administration of OHT are derived from previously myelinating Schwann cells. This is suggested by the rapid induction of Sox2 expression in almost half of the cells and also supported by arguments that are discussed below. (2) If these cells are associated with an appropriate axon, they subsequently attempt to reinitiate myelination; however, they fail because of a lack of Krox20 and end up locked in the promyelinating state, like primary differentiating Schwann cells in the case of Krox20 germline null mutation. Our observations also suggest that the promyelinating state cannot be reached directly by demyelinating cells and that they need to go through the immature state. (3) Cells that have not undergone Krox20 inactivation must deposit the thin myelin sheaths observed in our OHT injection experiments around a minority of axons. These cells may derive from Schwann cells or Schwann cell precursors that were located outside of the lesioned area and have been recruited in the remyelination process. Once in the lesion area, these cells escape Krox20 excision because of a rapid decrease in the level of OHT, because of both diffusion and short half-life of this compound (Danielian et al., 1998) . Alternatively, these myelinating cells may derive from Schwann cells initially belonging to amyelinated nerve fibers (Remak fibers) located within the lesion area. Such cells have recently been shown to actively proliferate after nerve injury (Murinson et al., 2005) .
A surprising feature of the demyelination associated with Krox20 inactivation is its rapidity (Ͻ3 d). This could be explained by two nonexclusive mechanisms, which we will refer to as "passive" and "active." According to the passive hypothesis, Krox20 inactivation results in a block of expression of an essential myelin protein(s) that is highly unstable, the elimination of which leads to general myelin dysfunction and degradation. In the second scenario, Krox20 loss-of-function leads to the engagement of a specific program of dedifferentiation that involves active myelin destruction. This latter interpretation is supported by the following observations. (1) RNA profiling experiments indicate that Krox20 is not only responsible for the activation of myelinationspecific genes but also for the repression of immature Schwann cell-specific genes (Nagarajan et al., 2001 ; P. Topilko, S. Le Crom, and P. Charnay, unpublished data). (2) More specifically, Krox20 has been proposed to repress Sox2 and c-jun, genes that have been shown to be involved in maintaining the immature stage (Le et al., 2005a; Parkinson et al., 2004) . It is therefore possible that the repression by Krox20 of the demyelination program is, at least in part, mediated by Sox2 and c-Jun, consistent with our data showing an upregulation of Sox2 after Krox20 inactivation (Fig. 5) . (3) As discussed below, loss of Krox20 expression likely constitutes a key step in Wallerian degeneration, which involves a dedifferentiation program in Schwann cells leading to active myelin degradation (Stoll and Muller, 1999) .
Together, these data suggest that the Schwann cell dedifferentiation program is actually repressed by Krox20. This leads to an extension of the role of Krox20 to a molecular switch that constantly controls the fate of Schwann cells by simultaneously activating myelination and repressing demyelination programs. Such a switch governing two alternative differentiation programs is highly reminiscent of the function of Krox20 in the hindbrain, where it promotes odd-numbered and represses even-numbered rhombomere identities (Seitanidou et al., 1997; Giudicelli et al., 2001; Voiculescu et al., 2001 ). This similarity raises the possibilities that some of the direct transcriptional targets of Krox20 might be common between the two situations and that Krox20 may play a similar dual role in the other developmental systems. The myelin degradation and attempts of remyelination observed after Krox20 inactivation are very similar, both in their kinetics and characteristics (including the increase in cell proliferation), to Wallerian degeneration and regeneration after nerve cryolesion (Stoll and Muller, 1999) . Because in this latter case nerve degeneration/regeneration is accompanied by extinction and then reinduction of Krox20 (Ghislain et al., 2002) and because Krox20 expression is known to be dependent on axonal contact (Murphy et al., 1996) , our data suggest a likely mechanism for Wallerian degeneration: axonal injury leads to the interruption of the signals that are constantly required for Krox20 transcription in Schwann cells. This results in a rapid decrease in the level of Krox20 mRNA and protein and subsequently in the concomitant arrest of the myelination program and the initiation of demyelination.
In conclusion, our work shows that cessation of the expression of a single gene results in rapid myelin degradation, demonstrating that myelin maintenance by Schwann cells is a very dynamic process. This novel feature is likely to be important in the development of acquired and chronic peripheral myelinopathies and should be taken into account in the development of future therapies. In addition, it is possible that this property is not restricted to peripheral myelin, and it will be interesting to investigate whether central myelin behaves similarly.
